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In order to improve the mechanical properties of the layer deposited by anodic oxidation of aluminum on the mate-
rial EN AW-1050 H24, in the contribution was investigated the microhardness of the deposited layer as a function of 
the physic-chemical factors aff  ecting in the process of anodic oxidation at the constant anodic current density J = 3 
A.dm-2 in electrolyte formed by sulfuric acid and oxalic acid, with the emphasis on the infl  uence of electrolyte tem-
perature in the range – 1,78 °C to 45,78 °C. The model of the studied dependence was compiled based on mathe-
matical and statistical analysis of matrix from experimental obtained data from composite rotation plan of experi-
ment with fi  ve independent variable factors (amount of sulfuric acid in the electrolyte, the amount of oxalic acid in 
the electrolyte, electrolyte, anodizing time and applied voltage).
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INTRODUCTION
The surface properties of anodic alumina oxide 
(AAO) ﬁ  lms render anodized aluminium products suit-
able for a wide range of applications, not only in the 
standard ﬁ  elds of machinery, transport and building in-
dustry, but also for the potential use in the area of mag-
netic storage [1] photo voltaic solar cells [2], ﬁ  lters [3] 
chemical sensors [4], photonics [5], and metallic na-
nowires [6, 7].
In many of these applications a key role is played by 
the mechanical properties such as the microhardness, 
wear resistance and corrosion resistance.
Depending on the considered anodizing conditions 
these properties can be varied to a wide extent, hence 
the research of the process conditions inﬂ  uence  of 
chemical, physical and technological factors on the re-
sulting AAO layers has received extensive attention. 
The basic information concerning this matter is availa-
ble in the literature [8 - 10].
Most experimental studies in the ﬁ  eld of microhard-
ness have been performed under hard anodizing condi-
tions, which comprise the use of low electrolyte tempera-
tures and often special chemical composition of electro-
lytes, with the primary purpose to achieve anodic oxide 
layers with high values of microhardness [11]. According 
to Scott [12], who considered anodizing in a sulphuric 
acid electrolyte at a constant applied current density of 4 
A.dm-2 with the varied electrolyte temperature in the 
range from -5 °C up to +15 °C, the microhardness and 
abrasion resistance related with it is inﬂ  uenced only in a 
small extent under such anodizing conditions.
Another study by Koizumi et al. [13], dealing with 
galvanostatic anodizing at current densities from 1 to 8 
A.dm-2 in a mixed sulphuric acid - oxalic acid electrolyte 
at temperatures, varied between - 5 °C to + 20 °C, report 
an almost constant microhardness and wear resistance in 
the temperature range - 5 °C to + 5 °C, regardless of the 
applied current density. Furthermore, this study predicate 
that the value of microhardness gradually decreases with 
increasing electrolyte temperature, with the effect being 
more pronounced for the lower applied current densities. 
This latter declaration should be handled with care be-
cause the anodizing time during this experiment process 
was always constant 45 min., regardless applied current 
density. As a result, there were formed and afterward 
evaluated anodic oxide ﬁ  lms with larger ﬁ  lm thickness, 
which inﬂ  uences the ﬁ  nal value of microhardness and 
wear resistance [14 - 16].
According to some authors [17, 18], the anodic ox-
ides with a thickness of 25 µm or more, formed in a sul-
phuric acid electrolyte at temperatures between + 15 °C 
and + 30 °C under different applied current densities 
(from 1 up to 4 A.dm-2), are characterized by a softer 
outer layer which reduces the transparency and wear re-
sistance of the layer. According to the above-mentioned 
works, the similar effect has been observed on the level 
of the microhardness.
Based on the review of published studies on the me-
chanical properties of anodic oxide layers, focusing 
particularly on the microhardness, we can state that 
there is very often an emphasis on the inﬂ  uence of elec-
trolyte temperature and applied current density without 60   METALURGIJA 53 (2014) 1, 59-62
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considering other factors. Therefore, in this study is ob-
served not only the inﬂ  uence of electrolyte temperature 
but also the inﬂ  uence of other chemical and physical 
factors affecting the thickness and also the mechanical 
properties of resulting anodic oxide ﬁ  lms formed in the 
electrolyte containing sulphuric acid and oxalic acid, 
using the Design of Experiments and subsequent math-
ematical and statistical analysis. 
In regard to the complexity of the anodizing process 
of aluminium and its alloys, it is necessary to monitor 
the temperature effect in interaction with other factors 
affecting at actual current density and not as the only 
factor inﬂ  uencing the observed parameter. 
MATERIAL AND EXPERIMENTAL METHODS
Aluminium sheet EN AW-1050 A - H24 with chemi-
cal symbol Al 99,5 of thickness 0,5 mm was used as an 
experimental anode material.
The chemical composition of experimental material 
is shown in Table 1. 
Table 1   Chemical composition of experimental material 
/ wt.%
Si Fe Cu Mn Cr Zn Ti
0,25 0,40 0,05 0,01 0,01 0,07 0,05
The samples with dimensions 100 × 70 × 0,5 mm 
were chemically degreased in solution containing: so-
dium bicarbonate < 20 %, sodium metasilicate pentahy-
drate < 5 %, phosphates < 30 %, borates < 40 %  and 
surfactants, at the temperature 50 ± 2 °C for total expo-
sure time 15 minutes. The samples were then rinsed 
thoroughly in deionized water and immersed in a 45 % 
sodium hydroxide solution at a temperature 55 ± 2 °C 
for 1 min. The anodizing was performed based on the 
Design of experiments methodology corresponding to 
the rotatable central composite design with 44 test runs. 
The individual runs were carried out according to the 
design of experiment as a combination of factor levels 
corresponding to Table 2. 
After anodizing, the samples were immediately 
rinsed in cooled (approx. 10 °C) demi-water for 1 
minute, followed by rinsing in running tap water for an-
other 2 minutes to wash-out the electrolyte entrapped in 
the defects. The specimens were thereafter dried with 
compressed air and in an oven (at temperature 50 °C, 
for time 20 minutes).
In the ﬁ  eld of surface treatment the Hull cell is most-
ly used to verify the electrolyte functionality and chem-
ical composition of electrolyte. 
RESULTS AND DISCUSSION   
The temperature effect on the predicted value of mi-
crohardness of AAO layer in the wide temperature is 
from range 0 °C to 45 °C. Figures 1, 2, 3 show the 
change in microhardness value at a constant applied 
voltage 11 V, in the electrolyte containing 16,50 g.l-1 of 
oxalic acid, throughout the study domain of the amount 
of sulphuric acid and anodizing time according to Table 
2, at the electrolyte temperature 0 °C (Figure 1), at the 
electrolyte temperature 20 °C (Figure 2), at electrolyte 
temperature 45 °C (Figure 3).
Two areas with the maximum value of microhard-
ness HV0,01 = 266,449 can be seen at the lower and up-
per interval limit of the amount of sulphuric acid at 
short periods of anodizing time (circa to 10 minutes). 
On the both of these limit intervals of the sulphuric acid 
concentration, the value of microhardness decreases 
with increasing the total anodizing time, what can be 
explained by low value of applied voltage and lower 
thickness of formed layer related with it. At sulphuric 
acid concentrations in interval from 90 to 160 g.l-1, the 
increasing microhardness was recorded. 
It should be noted that with increasing the electro-
lyte temperature up to 20 °C (Figure 2) the area of high-
er microhardness value is extended in two intervals of 
Table 2 Conditions of performed experiment
EXPERIMENT GXS
Anodic oxidation method GXS
Type of experiment design The rotatable central
composite design
The number of fac-
tors:
5 The num-
ber of test 
runs:
44
Controlled factors
Factor 
code
Factor Unit Factor Level
-2,37 -1 0 +1 +2,37
x1 m (H2SO4)g . l -1 9,19 85 140 195 270,81
x2 m (C2H2O4)g . l -1 5,80 12 16 21 27,20
x3 T °C -1,78 12 22 32 45,78
x4 t min 1,22 15 25 35 48,78
x5 U V 6,43 8 10 11,5 13,57
Constant factors
anode / cathode material: AW – 1050A H24
Figure 1   The simulated change in microhardness value of 
AAO layer in electrolyte at temperature 0 °C 
depending on the amount of sulfuric acid in the 
electrolyte and anodizing time61 METALURGIJA 53 (2014) 1, 59-62
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used amount of sulphuric acid in the electrolyte, i.e. in 
the interval from 9,19 to 74,59 g.l-1 and 205,41 – 270,81 
g.l-1 at simultaneously increasing of anodizing time to 
circa 17 minutes. Prolongation of anodizing time at the 
electrolyte temperature of 20 °C causes the dissolution 
of the layer and thus reducing of the thickness and con-
sequently decreasing of the microhardness values in 
these limit intervals. 
The increasing microhardness values can be seen in 
the middle interval of the sulphuric acid concentration 
(140 ± 20 g.l-1) at anodizing time interval from 40 to 
48,78 minutes. The increasing of the electrolyte tem-
perature at lower value of DC voltage supply has re-
sulted in increasing value of the observed response. 
However, it should be noted that the qualitative charac-
teristics of the formed layers at lower and upper limit of 
used sulphuric acid concentration are very bad and the 
layers formed under these conditions are practically 
useless despite of higher microhardness value.
The increasing of the electrolyte temperature up to 
45 °C at a constant anodic current density JA = 3 A.dm-2 
results in increase of the microhardness value of the 
formed layer, in the range of used sulphuric acid con-
centration from 180 to 270,81 g.l-1 throughout the study 
domain of anodizing time. At low sulphuric acid con-
centrations (from 9,19 to 74,59 g.l-1), the creation of 
layer with a higher microhardness value is delayed until 
anodizing time of 25 minutes. The prolongation of ano-
dizing time at a given temperature of 30 °C leads to the 
fast chemical dissolution of the formed layer, what re-
sults in decrease of its mechanical properties.
CONCLUSION
In this study the microhardness of anodic alumina 
oxides (AAO), produced by anodizing of 99,5 % pure 
aluminium electrodes EN AW-1050 A - H24 at constant 
anodic current density JA = 3 A.dm-2 under varied and 
controlled experimental conditions (listed in Table 2), 
were evaluated as a function of physical and chemical 
factors acting during the anodizing process. Based on 
the experimental analysis performed and evaluated ac-
cording to the DoE methodology with 44 individual tri-
als, the following can be concluded: 
-   the microhardness of deposited layer is inﬂ  uenced 
by the size of applied voltage and anodizing time,
-   the electrolyte temperature is statistically insigniﬁ  -
cant as the main factor effect,
-   the electrolyte temperature appeared to be signiﬁ  -
cant as the factor effect only in interaction with 
other observed variables – factors; so the micro-
hardness of deposited layers accordingly increase 
with increasing electrolyte temperatures,
-   the increasing electrolyte temperature from 0 °C to 
20 °C at a constant applied voltage and oxalic acid 
concentration in the electrolyte, results in increas-
ing of microhardness value  of deposited ﬁ  lm of 
almost 233 %; but the increase of electrolyte tem-
perature from 20 °C to 45 °C not affect the micro-
hardness value so:
-    with increasing the electrolyte temperature from 
20 °C to 45 °C, the interval of higher value of micro-
hardness is extended in relation to total anodizing 
time at a sulphuric acid concentration in the electro-
lyte in the range from 9,19 to 74,59 g.l-1 for 25 min-
utes; at sulphuric acid concentration in the range 
from 180,00 to 270,81 g.l-1 this area approximately 
extends to the whole interval of anodizing time.
The determination of dependency, at which are 
formed AAO layers of certain mechanical properties 
have a signiﬁ  cant impact on the environment and also 
of the work environment, especially it is the result of the 
total quantity of the used sulfuric acid in the the electro-
lyte and electrolyte temperature at anodic oxidation.
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Figure 2   The simulated change in microhardness value of 
AAO layer in electrolyte at temperature 20°C 
depending on the amount of sulfuric acid in the 
electrolyte and anodizing time
Figure 3   The simulated change in microhardness value of 
AAO layer in electrolyte at temperature 45 °C 
depending on the amount of sulfuric acid in the 
electrolyte and anodizing time62   METALURGIJA 53 (2014) 1, 59-62
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